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Two  carbons  with  different  sulfur  contents  were  prepared  and  oxidized  either  by  heating  in 
air  or  by  chemical  treatment.  The  samples  were  then  tested  as  adsorbents  of  arsine  in 
dynamic  conditions  at  room  temperature,  both  in  dry  conditions  and  in  the  presence  of 
moisture.  Chemical  and  structural  features  of  the  initial  and  arsine-exposed  materials 
were  analyzed  by  energy  dispersive  X-ray  spectroscopy,  X-ray  diffraction,  Fourier  transform 
infrared  spectroscopy,  thermogravimetric  analyses,  sorption  of  nitrogen  and  sorption  of 
water.  It  was  found  that  oxygen-  and  sulfur-containing  groups  participate  in  arsine  oxida¬ 
tion  to  arsenic  tri-  and  pentoxide  and/or  in  the  formation  of  arsenic  sulfides.  This  occurred 
either  via  activation  of  oxygen  or  a  direct  involvement  of  these  groups  in  reactions  with 
arsine.  Avery  hydrophilic  surface  of  sulfur-containing  carbons,  which  causes  the  presence 
of  adsorbed  water,  even  in  dry  conditions,  enhances  arsine  removal.  On  the  other  hand,  in 
moist  conditions  water  totally  occupies  the  pore  system  blocking  the  catalytic  action  of  the 
surface  toward  oxidation,  which  leads  to  a  very  limited  or  zero  AsH3  adsorption  capacity. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Removal  of  arsine  from  a  gas  phase  is  an  important  issue  for 
the  semiconductor  industry  and  also  for  catalytic  processes, 
which  utilize  syngas.  Arsine  in  the  synthetic  gas  is  considered 
as  a  catalyst  poison  for  such  processes  as,  for  example  the  li¬ 
quid  phase  methanol  production.  To  preserve  catalyst  effi¬ 
ciency,  even  the  traces  of  AsH3  should  be  removed.  Besides 
the  technological  difficulties,  arsine  is  also  a  powerful  toxin 
susceptible  to  oxidation  with  a  strong  exothermic  effect.  Of 
all  the  methods  to  separate  arsine  from  either  air  or  syngas 
adsorption  is  the  most  common. 

The  addition  of  copper  species  is  described  as  effective  in 
promoting  arsine  adsorption  [1]  on  either  alumina  or  acti¬ 
vated  carbons  supports  [1-3].  It  was  found  that  copper  oxide, 
CuO,  distributed  on  a  support  surface  leads  to  the  deposition 
of  arsine  as  Cu3As  or  elemental  arsenic.  In  addition  to  CuO, 


oxides  of  silver,  manganese,  nickel  and  zinc  have  been  used 
on  alumina  supports  [3].  On  activated  carbons  such  oxides 
as  CuO  and  Cr03  were  deposited  to  promote  arsine  oxidation. 
This  process  led  to  the  reduction  of  copper  (Cu(II))  to  metallic 
copper  and  Cr(VI)  to  Cr(III)  [4],  Another  impregnant  shown  to 
remove  arsine  on  carbon  was  copper  (II)  chromite,  which  is 
converted  to  Cu3As2  and  Cr203  in  surface  reactions  [5],  It  must 
be  recalled  that  molecular  oxygen  is  not  present  in  syngas. 

A  comparative  study  of  arsine  removal  from  syngas  on  var¬ 
ious  adsorbents  was  carried  out  by  Quinn  and  co-workers  [1], 
Commercial  adsorbents  with  alumina  or  carbon  supports 
were  investigated  with  oxides  of  lead,  manganese,  copper,  sil¬ 
ver,  chromium  and  their  mixtures,  and  metallic  copper 
deposited  on  their  surfaces.  On  a  carbon  adsorbent  with 
CuO,  the  adsorption  was  enhanced  at  high  temperature 
(140  °C).  It  was  indicated  that  at  ambient  conditions  the  diffu¬ 
sion  of  arsenic  from  the  copper  surface  and  into  the  bulk  met- 
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als  limited  the  removal  process.  When  AsH3  removal  was 
tested  on  carbon  with  metallic  copper,  besides  Cu3As,  hydro¬ 
gen  was  also  produced.  Quinn  and  co-workers  suggested  that 
oxygen  groups  on  the  carbon  surface  provide  active  sites  for 
AsH3  binding  [1],  The  precise  role  of  those  centers  was  not 
explored. 

Application  of  activated  carbons  as  supports  for  cupric 
oxide  in  the  removal  of  arsine  from  air  had  been  addressed 
in  the  1940s  in  research  related  to  chemical  warfare  protec¬ 
tion.  Hickey  and  Wiig  found  that  on  such  carbons,  arsenic  tri¬ 
oxide  was  the  main  product  of  surface  oxidation  and  that 
cupric  oxide  worked  as  an  oxidation  catalyst  [6].  Water,  which 
is  always  present  in  the  moist  air,  was  found  as  either  an 
inhibitor  or  promoter  of  adsorption.  The  authors  indicated 
that  when  water  is  in  the  air  stream  in  addition  to  arsine 
(and  thus  not  already  adsorbed  on  the  carbon  surface),  it  can 
adsorb  at  the  active  sites  faster  than  arsine.  The  chemical/ 
physical  nature  of  those  centers  was  not  revealed.  On  the 
other  hand,  at  low  humidity  level,  adsorption  was  promoted 
resulting  in  over  100%  increase.  The  capacity  on  virgin  carbons 
was  found  to  be  negligible  in  comparison  with  cupric  acid  con¬ 
taining  carbons  on  which  about  130  mg  of  AsH3  per  cm3  of 
adsorbent  (or  about  270  mg/g)  was  retained  at  dry  conditions. 

The  objective  of  this  paper  is  to  investigate  the  role  of  oxy¬ 
gen  and  sulfur-containing  groups  on  non-impregnated  acti¬ 
vated  carbons  in  the  retention/oxidation  of  arsine.  Recently, 
the  carbon  surfaces,  containing  heteroatoms  such  as  oxygen, 
nitrogen  and  sulfur,  were  found  to  be  active  in  oxidation  [7-9]. 
This  is  caused  by  an  activation  of  oxygen  to  superoxide, 
which  is  catalyzed  by  surface  functional  groups  [10,11],  Tak¬ 
ing  this  into  account,  our  target  is  to  investigate  the  role  of 
carbon  surface  heterogeneity  (chemical  and  physical)  in  the 
reactive  adsorption  of  arsine  in  dry  and  wet  conditions.  Poly¬ 
mer-derived  carbons  with  incorporated  sulfur,  and  free  of  any 
additional  inorganic  matter,  were  further  oxidized  to  broaden 
the  spectrum  of  surface  chemistry  and  porosity.  The  products 
of  surface  reactions  occurring  as  a  result  of  arsine  exposure  to 
these  samples  were  studied  with  emphasis  on  the  role  of  a 
carbon  surface. 


2.  Experimental 

2.1.  Materials 

Two  series  of  polymer-based  carbons  were  prepared.  The 
polymer  precursors  for  these  two  series  were  poly(4-styrene 
sulfonic  acid  co-maleic  acid),  sodium  salt  and  poly(sodium 
4-styrene  sulfonate).  Carbon  samples  were  obtained  accord¬ 
ing  to  the  method  described  in  Ref.  [12]  and  the  features  of 
these  materials  are  presented  in  detail  in  Ref.  [9].  Briefly,  both 
polymers  were  carbonized  at  800  °C  for  40  min  under  nitro¬ 
gen,  in  a  horizontal  furnace.  Obtained  carbons  were  oxidized 
either  in  a  solution  of  ammonium  persulfate  (method  A)  or  in 
air  at  350  °C  (method  B).  After  washing  and  drying,  the  sam¬ 
ples  are  referred  to  as  C-1A,  C-1B,  C-2A  and  C-2B,  where  C-l 
denotes  the  carbons  obtained  from  poly(4-styrene  sulfonic 
acid  co-maleic  acid),  and  C-2  obtained  from  polyfsodium  4- 
styrene  sulfonate).  “A”  represents  oxidation  in  ammonium 
persulfate  and  “B”-  in  air. 


2.2.  Methods 

2.2.1.  AsH3  breakthrough  dynamic  test 

A  micro-scale  breakthrough  apparatus  was  used  to  determine 
arsine  adsorption  at  equilibrium.  In  a  typical  test,  a  small 
amount  of  adsorbent  (50-80  mg)  was  packed  into  a  fritted 
glass  tube  (Dynatherm  Sampling  Tube,  CDS  Analytical  Inc.). 
The  temperature  of  the  bed  was  controlled  using  a  thermo- 
statted  bath.  The  inlet  stream  was  delivered  from  a  pressured 
gas  mixture  prepared  from  4%  arsine  in  nitrogen  (Matheson 
Gas  Products  Inc.)  and  the  total  flow  rate  was  equal  to 
20  mL/min.  The  breakthrough  of  arsine  was  monitored  by  a 
FT-IR  spectrometer.  Experiments  were  conducted  both  in 
dry  conditions  and  in  the  presence  of  water.  The  controlled 
humidity  was  established  by  mixing  water  saturated  and 
dry  air  streams.  The  conditions  of  the  experiment  were  se¬ 
lected  to  minimize  dead  time  response,  while  not  offering 
excessive  pressure  drop.  The  suffixes  -ED  and  -EM  are  used 
to  refer  to  the  exhausted  samples  on  which  arsine  was  ad¬ 
sorbed  in  dry  and  moist  conditions,  respectively. 

2.2.2.  Adsorption  of  water 

Water  adsorption  isotherms  were  determined  using  an  auto¬ 
mated  gravimetric  apparatus.  Prior  to  the  test,  samples  were 
heated  and  purged  in  nitrogen.  The  apparatus  was  comprised 
of  three  computer-controlled  subsystems:  the  vapor-phase 
concentration  control,  the  adsorbed-phase  measurement, 
and  the  temperature-control  systems.  A  double  pass  contac¬ 
tor,  using  an  aluminum  oxide  thimble,  was  used  to  generate 
a  saturated  water  stream  at  a  fixed  temperature.  Dry  air  was 
mixed  with  the  saturated  air  to  generate  a  known  humidity 
and  then  was  directed  to  a  microbalance  (Cahn  D-200,  Ther¬ 
mo  Inc.)  with  1.0  |.ig  sensitivity  and  100  mg  range.  The  weigh¬ 
ing  basket  was  enclosed  in  a  thermostatted  chamber.  The 
basket  temperature  was  measured  using  a  thermocouple. 
All  other  streams  were  air. 

2.2.3.  EDX 

Energy  dispersive  X-ray  (EDX)  data  were  obtained  with  a  Zeiss 
Supra  55  instrument.  The  instrument  has  a  resolution  of  5  nm 
at  30  kV.  Scanning  was  performed  on  the  dried  samples.  From 
EDX  analyses,  the  content  of  elements  on  the  surface  was  cal¬ 
culated  and  the  maps  of  the  elements  derived. 

2.2.4.  XRD 

X-ray  diffraction  (XRD)  measurements  were  conducted  using 
standard  powder  diffraction  procedures.  Adsorbents  were 
ground  with  methanol  in  a  small  agate  mortar.  The  mixture 
was  smear-mounted  and  then  analyzed  by  Cu  Ka  radiation 
generated  in  a  Phillips  X’Pert  X-ray  diffractometer.  A  standard 
glass  slide  was  run  for  the  background. 

2.2.5.  FT-IR 

Fourier  transform  infrared  (FT-IR)  spectroscopy  was  carried 
out  using  a  Nicolet  Magna-IR  830  spectrometer  using  the 
attenuated  total  reflectance  method  (ATR).  The  spectrum 
was  generated  and  collected  16  times  and  corrected  for  the 
background  noise.  The  experiments  were  done  on  the  pow¬ 
dered  samples,  without  KBr  addition. 
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2.2.6.  Thermal  analysis 

Thermogravimetric  (TG)  curves  were  obtained  using  a  TA 
instrument  thermal  analyzer.  The  initial  samples  were  ex¬ 
posed  to  an  increase  in  temperature  of  10  °C/min  while  the 
nitrogen  flow  rate  was  held  constant  at  100  mL/min.  From 
the  TG  curves,  differential  TG  (DTG)  curves  were  derived. 

2.2.7.  pH 

The  surface  pH  of  the  initial  and  exhausted  samples  was 
measured.  About  0.025  g  of  the  carbon  powder  was  stirred 
for  10  h  with  10  mL  deionized  water  and  then  the  pH  of  the 
suspension  was  recorded. 

2.2.8.  Sorption  of  nitrogen 

Nitrogen  isotherms  were  measured  at  -196  °C  using  an  ASAP 
2010  instrument  (Micromeritics).  Prior  to  each  measurement, 
initial  and  exhausted  samples  were  outgassed  at  120  °C  to 
vacuum  10  Torr.  Approximately  0.10  g  of  sample  was  used 
for  these  analyses  (0.05  g  for  the  exhausted  samples).  The  sur¬ 
face  area,  SBET,  (Brunauer-Emmet-Teller,  BET  method),  the 
micropore  volume,  Vmic,  (Dubinin-Radushkevitch  method, 
D-R  [13]),  the  mesopore  volume,  Vmes,  and  the  total  pore  vol¬ 
ume,  Vt,  were  calculated  from  the  isotherms.  Density  Func¬ 
tional  Theory  (DFT)  was  used  to  calculate  the  pore  size 
distributions  [14]. 


3.  Results  and  discussion 

Arsine  removal  capacities  on  our  samples  are  presented  in  Ta¬ 
ble  1.  As  seen,  capacities  measured  in  dry  conditions  are  very 
high  and  in  the  case  of  C-1B  and  C-2B,  they  are  much  higher 
than  those  reported  by  Hickey  and  Wiig  on  cupric  oxide  con¬ 
taining  carbons  [6].  Oxidation  in  air  results  in  a  much  higher 
capacity  than  that  measured  on  the  carbon  oxidized  with 
ammonium  persulfate.  In  moist  conditions,  the  capacity  is  al¬ 
most  nil  and  only  small  quantities  of  arsine  are  retained  on  C- 
2A-EM.  As  a  remark,  breakthrough  tests  run  in  dry  conditions 
for  C-l  and  C-2  carbons  (results  not  presented  here)  showed 
the  adsorption  capacities  of  2.7  mmol/g  (211  mg/g)  and 
1.0  mmol/g  (78  mg/g),  respectively.  Comparison  of  these  re¬ 
sults  with  the  ones  obtained  for  the  oxidized  carbons  indicate 
the  positive  influence  of  the  oxidation  treatment  on  the  ar¬ 
sine  adsorption. 

To  understand  the  differences  in  the  arsine  removal  per¬ 
formance,  the  effects  of  the  surface  features  must  be  ana¬ 


lyzed.  Even  though  the  surface  of  the  carbons  used  in  this 
study  was  described  in  detail  elsewhere  [9]  to  help  explain 
ammonia  adsorption,  in  this  paper  we  reintroduce  some  data 
in  order  to  link  these  surface  features  to  the  reactive  adsorp¬ 
tion  of  arsine. 

Strong  retention  of  arsine  is  seen  on  EDX  element  maps 
presented  in  Fig.  1  and  in  Table  2,  where  the  contents  of  ele¬ 
ments  on  the  surface  are  listed  (in  weight  percent  “wt%”,  and 
atomic  percent  “at%”).  From  the  latter,  the  differences  in  sur¬ 
face  chemistry  between  unexposed  carbons  are  seen  espe¬ 
cially  in  the  sulfur  content,  which  was  not  detected  using 
EDX  in  C-l  carbons.  Other  studies  such  as  XPS  showed  that 
these  carbons  have  a  small  amount  of  sulfur,  less  than  1% 
[9],  On  the  other  hand,  the  amount  of  sulfur  in  C-2A  is  very 
high  and  the  oxidation  in  a  liquid  phase  leads  to  twice  the 
sulfur  on  the  surface  as  in  air.  The  percentage  of  oxygen  in 
C-l  carbons  is  higher  than  that  in  C-2  carbons.  The  exposure 
to  arsine  results  in  the  deposition  of  a  significant  quantity  of 
arsenic  on  the  surface  and  an  increase  in  the  percentage  of 
oxygen  for  the  C-2  carbon  series.  A  decrease  in  the  content 
of  sulfur  is  apparent  owing  to  an  increase  in  the  content  of  ar¬ 
sine  and  oxygen.  An  increase  in  the  latter  element  could  be 
the  result  of  the  presence  of  arsenic  oxides  or  an  oxidation 
of  the  carbon  surface.  In  fact,  based  on  a  strong  exothermic 
effect  during  oxidation  of  arsine  (43.5  kcal/mol  [6]),  incorpora¬ 
tion  of  oxygen  to  the  carbon  matrix  can  be  a  simultaneous  re¬ 
sult  of  arsine  adsorption  and  oxidation.  This  can  be  also 
associated  with  the  removal  of  some  sulfur  groups  as  was 
found  to  happen  during  air  oxidation  [9].  The  decrease  in  sul¬ 
fur  for  C-2B  is  less  than  that  for  C-2A  owing  to  the  fact  that 
the  sulfur  compounds  which  are  the  most  susceptible  for  re¬ 
moval  (sulfonic  groups)  have  been  already  removed  from  the 
surface  during  air  oxidation  [9].  The  trend  in  the  content  of  ar¬ 
sine  on  the  surface  is  in  agreement  with  the  trend  in  the 
capacities  measured.  The  analysis  of  the  elements’  maps  sug¬ 
gests  that  on  the  surface  of  C-2B,  besides  arsenic  oxides,  ar¬ 
senic  sulfides  are  also  present. 

The  X-ray  diffraction  patterns  for  the  samples  studied  be¬ 
fore  and  after  arsine  adsorption  are  presented  in  Fig.  2.  The 
only  visible  effect  of  adsorption  is  for  C-2A-ED  where  two 
well-defined  diffraction  peaks  are  revealed  associated  with 
the  presence  of  arsenic  trioxide  [15].  The  sizes  of  crystallites 
estimated  using  the  Scherrer  equation  [16]  are  in  order  of 
80  nm.  It  is  interesting  that  in  spite  of  the  high  adsorption 
on  other  materials  studied,  the  crystalline  form  of  the  oxida- 


Table  1  -  Arsine  removal  capacities  and  the  pH  values  for  the  samples  studied. 

Sample 

AsH3  removal  capacity 

pH 

(mmol/g) 

(mg/g) 

Initial 

Exhausted 

C-1A-ED 

0.9 

66 

3.23 

2.45 

C-1A-EM 

0 

0 

3.23 

2.87 

C-1B-ED 

6.9 

539 

3.62 

2.36 

C-1B-EM 

0 

0 

3.62 

2.75 

C-2A-ED 

4.2 

331 

3.51 

2.45 

C-2A-EM 

0.2 

16 

3.51 

3.48 

C-2B-ED 

5.7 

444 

3.17 

2.41 

C-2B-EM 

0 

0 

3.17 

2.48 
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Fig.  1  -  EDX  maps  for  the  C-2  series  of  samples  before  and  after  arsine  adsorption  (magnification:  6000). 


Table  2  -  Surface  content  of  elements  from  EDX  analysis  for  the  C-l  and  C-2  series  of  samples  before  and  after  arsine 
adsorption. 


Sample  C  O  S  As 


(wt%)  (at%)  (wt%)  (at%)  (wt%)  (at%)  (wt%)  (at%) 


C-1A 

81.3 

85.3 

18.7 

14.7 

_ 

_ 

_ 

_ 

C-1A-ED 

71.0 

83.2 

16.5 

14.5 

- 

- 

12.5 

2.3 

C-1B 

82.8 

86.5 

17.2 

13.5 

- 

- 

- 

- 

C-1B-ED 

61.4 

79.6 

16.3 

15.8 

- 

- 

22.3 

4.6 

C-2A 

78.6 

86.1 

12.5 

10.3 

8.9 

3.7 

- 

- 

C-2A-ED 

62.9 

79.1 

16.6 

15.6 

4.0 

1.9 

16.5 

3.4 

C-2B 

83.2 

88.4 

12.2 

9.7 

4.6 

1.8 

- 

- 

C-2B-ED 

62.8 

80.1 

14.8 

14.2 

3.4 

1.7 

19.0 

4.0 

tion  products  is  not  formed  on  their  surfaces,  or  the  crystals 
are  too  small  to  be  detected. 

Those  oxidation  products  are  seen  on  FT-IR  spectra  where 
for  all  exhausted  samples  run  in  dry  conditions,  the  bands  at 
800  and  935  cnT1  are  visible  (Fig.  3).  They  are  attributed  to  the 
presence  of  As(V)  and  As(III)  from  arsine  pent-  and  trioxide, 
respectively  [17], 

The  oxidation  products  also  apparently  block  the  porosity 
of  the  materials.  Table  3  presents  the  parameters  of  the  por¬ 
ous  structure  for  all  samples.  It  has  to  be  noted  here  that 
the  nitrogen  adsorption  is  measured  after  a  pretreatment  step 
in  which  samples  are  heated  in  vacuum  at  120  °C,  which  re¬ 
sults  in  the  removal  of  any  adsorbed  water  and  weakly  re¬ 
tained  arsine.  Consequently,  these  results  reflect  only  the 
effect  of  the  arsine  adsorption  and  not  the  one  of  water.  After 
adsorption,  the  surface  area  significantly  decreases  with 
increasing  amount  of  arsine  adsorbed.  That  decrease  is  very 


pronounced  for  C-2A  and  C-2B,  for  which  only  about  15%  of 
micropores  and  10%  of  surface  area  are  accessible  for  the 
nitrogen  adsorption  after  the  removal  of  arsine.  For  C-l  car¬ 
bons,  30%  of  the  surface  is  still  accessible.  It  has  to  be  noticed 
that  the  surface  of  the  C-l  samples  is  two  to  three  times  high¬ 
er  than  that  for  the  C-2  series.  Nevertheless,  the  differences  in 
the  amount  of  arsine  adsorbed  do  not  correspond  to  those  dif¬ 
ferences.  This  is  another  proof  that  not  physical  but  reactive 
adsorption  governs  the  removal  process.  A  decrease  in  the 
pore  volume  (in  terms  of  cm3/g)  for  the  samples  oxidized  in 
air  are  about  30-40%  larger  than  for  those  oxidized  with 
ammonium  persulfate,  which  is  in  agreement  with  the  higher 
capacities  measured  on  the  former  samples. 

The  differences  in  a  sample’s  porosity  are  seen  in  the  pore 
size  distributions  presented  in  Fig.  4.  There  can  be  seen  a  bi- 
modal  distribution  for  the  C-2  samples  and  quite  a  heteroge¬ 
neous  texture  for  the  C-l  samples.  Adsorption  of  arsine  in  dry 
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2  Theta  [°] 


Fig.  2  -  X-ray  diffraction  patterns  for  the  C-l  and  C-2  series 
of  samples  before  and  after  arsine  adsorption. 


air  affects  the  whole  surface  of  the  C-l  samples  whereas  for 
the  C-2  series  mainly  micropores  are  affected.  It  is  well 
known  that  the  deposition  of  oxidation  products  on  the 
microporous  adsorbents  may  not  only  occur  via  a  pore  filling 
mechanism.  The  compounds  retained  may  also  block  the 
pore  entrances  leaving  an  unused  space  inside.  This  likely 
happens  in  the  case  of  samples  run  in  the  moist  conditions 
for  which  a  decrease  in  the  volume  of  very  small  pores  is  no¬ 
ticed  even  though  almost  no  capacity  was  measured. 

Interesting  results  are  revealed  when  the  surface  of  the 
carbons  is  investigated  using  thermal  analysis  (Fig.  5).  The 
peaks  on  DTG  curves  represent  weight  loss  at  specific  temper¬ 
ature  ranges.  Apparently,  in  comparison  with  the  initial  sam¬ 
ples,  an  increased  weight  loss  between  150  and  600  °C  is 
noticed  after  exposure  to  arsine.  The  least  complex  pattern 
on  DTG  curves  is  found  for  the  C-l  carbons.  In  the  case  of 
C-1B-ED  sample,  an  intense  and  relatively  narrow  peak  is  re¬ 
vealed  with  maximum  at  370  °C  after  exposure  to  arsine.  This 
peak  is  assigned  to  the  sublimation  of  arsenic  trioxide,  As203 


Fig.  3  -  FTIR  for  the  C-l  and  C-2  series  of  samples  before  and 
after  arsine  adsorption. 


(sublimates  at  312  °C  [18])  or  arsenic  pentoxide,  As205 
(decomposition  at  315  °C  [18]).  Nevertheless,  since  the  peak 
representing  sublimation  of  arsine  at  about  600  °C  is  not  pres¬ 
ent,  we  hypothesize  that  arsenic  pentoxide  is  not  present  (it 
would  decompose  to  arsine)  and  that  arsenic  trioxide  directly 
sublimates  from  the  surface  of  this  carbon.  An  additional 
peak  at  about  200  °C,  revealed  on  the  DTG  curve  for  the  sam¬ 
ple  run  in  the  moist  conditions  (C-1B-EM),  is  linked  to  decom¬ 
position  of  H3As04  leading  to  As203  [18].  H4As207  is  not  likely 
to  be  formed  on  this  sample  since  no  arsenic,  from  decompo- 
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Table  3  -  The  parameters  of  porous  structure  for  the  C-l  and  C-2  series  of  samples  before  and  after  arsine  adsorption. 

Sample 

Sbet  (m2/g) 

Vt  (cm3/ g) 

Vmeso  (cm3/ g) 

Vmic  (cm3/ g) 

vmic/vt 

C-1A 

1049 

0.871 

0.375 

0.496 

0.57 

C-1A-ED 

634 

0.538 

0.229 

0.309 

0.57 

C-1A-EM 

1045 

0.808 

0.317 

0.491 

0.61 

C-1B 

1449 

1.076 

0.385 

0.691 

0.64 

C-1B-ED 

595 

0.478 

0.216 

0.262 

0.55 

C-1B-EM 

1231 

0.879 

0.303 

0.576 

0.65 

C-2A 

531 

0.399 

0.140 

0.259 

0.65 

C-2A-ED 

61 

0.121 

0.093 

0.028 

0.23 

C-2A-EM 

480 

0.378 

0.144 

0.234 

0.62 

C-2B 

742 

0.533 

0.164 

0.369 

0.69 

C-2B-ED 

69 

0.121 

0.088 

0.033 

0.27 

C-2B-EM 

453 

0.352 

0.129 

0.223 

0.63 

Pore  width  [A]  Pore  width  [A] 

Fig.  4  -  Pore  size  distribution  for  the  samples  before  and  after  arsine  adsorption. 


sition  of  arsenic  pentoxide,  is  found  to  sublimate.  For  C-1A- 
ED,  the  weight  loss  pattern  is  more  complex  with  new  well 
visible  peaks  at  350  and  400  °C.  They  are  assigned  to  the 
decomposition  of  arsenic  trioxide  present  at  various  pore 
sizes.  The  peak  at  about  200  °C  can  be  the  result  of  arsenic 
acids  formation  since  this  sample,  as  a  result  of  more  oxygen 
groups  is  expected  to  retain  more  water  than  C-1B  [19].  On  the 
corresponding  sample  run  in  moist  conditions  (C-1A-EM),  the 
new  feature  is  the  presence  of  a  peak  at  about  350  °C  which 
must  be  linked  to  the  decomposition  of  arsenic  trioxide.  For 


C-2B-EM  and,  interestingly  for  C-2A  run  at  the  dry  conditions, 
the  peak  at  200  °C  is  also  found.  That  temperature  also  repre¬ 
sents  the  decomposition  of  arsenic  acid,  H4AS2O7  (206  °C  [18]) 
and  its  formation  in  moist  conditions  is  a  plausible  explana¬ 
tion,  if  some  arsine  is  oxidized  to  As205.  For  C-2A-EM,  no 
new  peak  is  detected.  For  C-2B  and  C-2A  run  in  the  dry  condi¬ 
tions,  the  weight  loss  patterns  are  much  more  complex  than 
those  for  the  C-l  series,  especially  that  one  for  the  latter  sam¬ 
ple.  While  for  the  C-2B-ED  two  peaks  with  maxima  at  about 
400  and  600  °C  are  assigned  to  the  decomposition  of  arsenic 
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Fig.  5  -  DTG  curves  in  nitrogen  for  the  samples  before  and  after  arsine  adsorption. 


pentoxide  (about  315  °C  [18])  and  then  sublimation  of  arsenic 
(617  °C  [18]),  respectively,  the  broad  peak  representing  the 
continuous  weight  loss  for  C-2A  in  this  temperature  range 
suggests  formation  of  other  species  than  arsenic  oxides.  For 
this  sample  also,  the  peak  at  about  200  °C  related  to  arsenic 
acids  is  present.  Taking  into  account  the  high  content  of  sul¬ 
fur  in  this  sample  in  the  form  of  sulfonic  and  thiophene-like 
functionalities  [9],  it  is  plausible  to  assume  that,  in  addition  to 
arsenic  oxides,  arsenic  sulfides  are  formed  on  the  surface  of 
this  carbon.  Considering  all  of  this,  the  peak  at  ~300  °C  can 
be  attributed  to  arsenic  trioxide  and/or  arsenic  disulfide, 
As2S2  (melting  point  at  307  °C  [18]).  The  peak  at  ~600  °C  can 
then  be  linked  to  the  release  of  As2S2  (boiling  point  at  565  °C 
[18])  and/or  As2S5  (sublimation  at  about  500  °C  [18])  and  subli¬ 
mation  of  arsenic.  Thus,  besides  arsenic  oxides  (tri-,  as  shown 
from  DTG  curves  and  XRD,  and  pentoxide  from  DTG  curves 
and  FT-IR  spectra),  sulfides  are  likely  formed  in  surface  reac¬ 
tions  on  the  C-2A  sample.  Formation  of  sulfides  is  supported 
by  a  decrease  in  the  weight  loss  over  600  °C  where  the  decom¬ 
position  of  sulfur-containing  groups,  likely  thiophenic  [9],  or 
basic  oxygen  groups  is  expected  to  occur.  Although  a  decrease 
in  weight  loss  can  also  be  seen  for  the  sample  run  in  the 
moist  conditions  at  which  almost  no  arsine  was  adsorbed, 
that  decrease  is  an  apparent  result  of  a  significant  amount 
of  water  adsorbed  on  this  sample  (the  curves  are  not  normal¬ 
ized).  This  decrease  in  weight  loss  suggests  that  those  sulfur 
and  oxygen  groups  take  part  in  the  reactive  adsorption  of  ar¬ 
sine.  This  effect  is  not  so  well  pronounced  for  the  C-2B  mate¬ 


rial,  although  some  decrease  in  the  weight  loss  at 
temperatures  higher  than  600  °C  is  noticed. 

As  mentioned  above,  a  very  well-defined  low  temperature 
peak  at  about  200  °C  for  C-2A  and  C-1A  run  in  dry  conditions 
suggests  the  formation  of  arsenic  acids.  Its  appearance  on  the 
surface  can  be  explained  by  the  presence  of  water  on  these 
carbons.  The  surface  of  C-2A  is  especially  polar  with  a  signif¬ 
icant  quantity  of  very  hydrophilic  surface  functional  groups 
[9],  They,  together  with  relatively  small  pores  and  large  num¬ 
ber  of  oxygen  groups,  attract  water  even  at  ambient  condi¬ 
tions  [19],  This  might  be  the  effect  of  water  observed  at  low 
relative  humidity  for  cuprous  oxide  impregnated  carbons  ob¬ 
served  by  Hickey  and  Wiig  [6].  That  water  enhances  the 
amount  adsorbed  in  so  called  “dry  conditions”  even  though 
the  porosity  of  the  C-2  carbon  is  less  than  that  of  C-l.  Support 
for  this  is  found  in  the  analysis  of  water  adsorption  isotherms 
measured  on  our  carbons  (Fig.  6).  Avery  specific  shape  of  the 
isotherm  for  C-2A  reveals  that  at  30%  humidity  almost  all 
accessible  pores  are  filled  whereas  for  other  carbons  a  more 
gradual  increase  in  the  amount  adsorbed  is  noticed.  Also  on 
C-1A  much  more  water  is  adsorbed  at  low  relative  pressures 
than  on  C-1B.  Stronger  oxidations  shift  the  condensation  to 
lower  relative  pressure  as  expected  [20].  This  peculiar  behav¬ 
ior  of  water  can  explain  the  negligible  capacity  of  our  carbons 
in  the  presence  of  moisture  in  the  gas  phase.  Apparently 
water  adsorbs  in  a  significant  quantity,  blocks  pores  and  thus 
“poisons”  the  active  sites  as  suggested  by  Hickey  and  Wiig  [6]. 
Those  active  sites  must  be  the  groups  containing  oxygen  and 
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sulfur.  The  latter  ones  are  involved  in  the  formation  of  sul¬ 
fides,  as  hypothesized  above.  It  is  interesting  that  only  on  C- 
2A,  adsorption  of  AsH3  was  measurable  in  the  presence  of 
humidity,  even  though  the  adsorbed  water  is  not  favorable 
for  AsH3  retention.  This  suggests  that  the  active  sites  of  this 
carbon  are  still  able  to  attract  arsine.  These  sites  can  be  only 
R-S  sites  since  their  affinity  for  water  should  be  smaller  than 
that  of  oxygen  containing  groups  and  sulfonic  groups. 

The  oxidizing  ability  of  our  carbons  can  be  linked  to  the 
presence  of  oxygen  superoxide  anions,  which  are  formed 
from  oxygen  in  the  presence  of  oxygen  [10,11]  and  possibly 
sulfur- containing  groups.  Although  the  latter  were  not  ana¬ 
lyzed  in  the  literature  to  the  same  extent  as  oxygen  and  nitro¬ 
gen  containing  groups  [10,11],  the  chemical  similarity  in  the 
nature  of  those  elements,  and  the  behavior  of  sulfur-contain¬ 
ing  groups  in  carbons  [9]  and  graphite  oxides  [21]  let  us 
hypothesize  that  sulfur  species  may  play  a  similar  catalytic 
role  as  nitrogen  and  oxygen  species. 

Based  on  the  above-discussed  results,  we  propose  that  on 
the  surface  of  our  materials  the  following  reactions  occur. 

In  the  absence  of  water,  arsenic  oxides  are  formed  in  reac¬ 
tions  with  active  oxygen: 

2AsH3  +  3(C+,  02 )  ->  As203  +  3H20  +  3C  (1) 

2AsH3  +  4(C+,  02 )  — >  As205  +  3H20  +  4C  (2) 

On  the  surface  on  which  an  activation  of  oxygen  is  even  more 
enhanced  by  the  presence  of  sulfur  groups  as  on  C-2A,  we  can 
consider: 

As203  +  (C+,  02 )  — >  As205  +  C  (3) 

Moreover,  owing  to  exothermic  reaction  and  presence  of 
oxygen  from  air,  the  carbon  surface  is  also  oxidized  as  dem¬ 
onstrated  by  an  increase  in  oxygen  content  and  acidity. 

Also,  the  sulfonic  groups  are  reduced  and  lead  to  the  for¬ 
mation  of  arsenic  sulfides: 

AsH3  +  R-S03H  -►  AsxSy  +  H20  (4) 

In  moist  air,  we  observe  additionally: 


As205  +  2H20  ->  H4As207  (5) 

As203  +  3H20  +  (C+,  02 )  — >  2H3As04  +  C  (6) 

For  reaction  (6)  the  acidic  environment  and  As205  can  be 
considered  as  catalysts  [22].  As  mentioned  above,  both  those 
conditions  exist  in  our  systems. 


4.  Conclusions 

Based  on  the  results  presented  in  this  paper,  it  was  found  that 
oxygen  and  sulfur-containing  groups  participate  in  arsine 
oxidation  to  arsenic  tri-  and  pentoxide  and/or  in  the  forma¬ 
tion  of  arsenic  sulfides.  This  occurred  either  via  activation 
of  oxygen  or  a  direct  involvement  of  these  groups  in  the  reac¬ 
tions  with  arsine.  The  hydrophilic  surface  of  sulfur-contain¬ 
ing  carbons,  even  though  the  challenge  gas  is  dry  gas, 
enhances  the  removal  of  arsine  via  retention  of  small  quan¬ 
tity  of  water  from  the  environment.  On  the  other  hand,  in 
moist  conditions,  when  the  humidity  level  is  increased,  water 
totally  occupies  the  pore  system  blocking  the  catalytic  action 
of  the  surface  toward  oxidation,  which  leads  to  very  limited  or 
nil  capacity.  From  a  more  practical  point  of  view,  these  oxi¬ 
dized  carbons  demonstrate  higher  adsorption  capacities  than 
some  commercial  activated  carbons  [4],  Considering  their  rel¬ 
atively  easy  preparation,  they  can  thus  be  considered  as 
promising  materials  for  the  removal  of  arsine.  Nevertheless, 
precautions  should  be  taken  here  as  the  experimental  condi¬ 
tions  of  the  breakthrough  tests  differ  from  one  study  to  an¬ 
other  and  are  sometimes  different  from  the  ones 
encountered  in  industrial  processes. 


Acknowledgement 

This  work  was  supported  by  ARO  grant  W911NF-05-1-0537. 


REFERENCES 


[1]  Quinn  R,  Dahl  TA,  Diamond  BW,  Toseland  BA.  Removal  of 
arsine  from  synthesis  gas  using  a  copper  on  carbon 
adsorbent.  Ind  Eng  Chem  Res  2006;45(18):6272-8. 

[2]  Watanabe  T,  Imai  H,  Suzuki  T.  Dissociative  mechanisms  of 
monosilane  and  arsine  on  copper(II)  oxide.  J  Electrochem  Soc 
1996;143(8):2654-7. 

[3]  Carr  NL,  Stahlfeld  DL,  Robertson  HG.  Remove  arsine  to 
protect  catalyst.  Hydrocarbon  Process  Int  Ed  1985;64(5):100-2. 

[4]  Haacke  G,  Brien  JS,  Burkhard  H.  Arsine  adsorption  on 
activated  carbon.  J  Electrochem  Soc  1988;135(3):715-8. 

[5]  Nowack  GP,  Johnson  MM.  Process  for  removal  of  arsenic  from 
gases.  US  patent  4,605,812,  1986. 

[6]  Hickey  JW,  Wiig  EO.  A  study  of  the  distribution  of  arsine  in 
impregnated  charcoal  by  means  of  radioactive  tracers.  J  Am 
Chem  Soc  1948;70(4):1574-9. 

[7]  Tamon  H,  Okazaki  M.  Influence  of  acidic  surface  oxides  of 
activated  carbon  on  gas  adsorption  characteristics.  Carbon 
1996;34(6):741-6. 

[8]  Bagreev  A,  Menendez  JA,  Dukhno  I,  Tarasenko  Y,  Bandosz  TJ. 
Bituminous  coal-based  activated  carbons  modified  with 
nitrogen  as  adsorbents  of  hydrogen  sulfide.  Carbon 
2004;42(3)  :469-76. 


CARBON48  ( 2  O I O  )  I779-I787 


1787 


[9]  Petit  C,  Kante  K,  Bandosz  TJ.  The  role  of  sulfur-containing 
groups  in  ammonia  retention  on  activated  carbons.  Carbon 
2009;48(3):654-67. 

[10]  Strelko  W,  Kartel  NT,  Dukhno  IN,  Kuts  VS,  Clarkson  RB, 
Odintsov  BM.  Mechanism  of  reductive  oxygen  adsorption  on 
active  carbons  with  various  surface  chemistry.  Surf  Sci 
2004;548(l-3):281-90. 

[11]  Stohr  B,  Boehm  HP.  Enhancement  of  the  catalytic  activity  of 
activated  carbons  in  oxidation  reactions  by  thermal 
treatment  with  ammonia  or  hydrogen  cyanide  and 
observation  of  a  superoxide  species  as  a  possible 
intermediate.  Carbon  1991;29(6):707-20. 

[12]  Hines  D,  Bagreev  A,  Bandosz  TJ.  Surface  properties  of  porous 
carbon  obtained  from  polystyrene  sulfonic  acid-based 
organic  salts.  Langmuir  2004;20(8):3388-97. 

[13]  Dubinin  MM.  Porous  structure  and  adsorption  properties  of 
active  carbons.  In:  Walker  PL,  editor.  Chemistry  and  physics 
of  carbon,  vol.  2.  New  York:  Dekker;  1966.  p.  51-120. 

[14]  Lastoskie  C,  Gubbins  KE,  Quirke  N.  Pore  size  distribution 
analysis  of  microporous  carbons:  a  density  functional  theory 
approach.  J  Phys  Chem  1993;97(18):4786-96. 

[15]  Berry  LG.  The  Davey-KWIC  index.  In:  Berry  LG,  editor. 
Inorganic  index  to  the  powder  diffraction  file,  Swarthmore, 


Joint  committee  on  powder  diffraction  standards,  1971;  p. 
793. 

[16]  Paterson  AL.  The  Scherrer  formula  for  X-Ray  particle  size 
determination.  Phys  Rev  1939;56(10):978. 

[17]  Myneni  SBC,  Traina  SJ,  Waychunas  GA,  Logan  TJ.  Vibrational 
spectroscopy  of  functional  group  chemistry  and  arsenate 
coordination  in  ettringite.  Geochim  Cosmochim  Acta 
1998;62(21-22):3499-514. 

[18]  Weast  RC,  Astle  MJ.  Chemical  general.  In:  Handbook  of 
chemistry  and  physics.  Boca  Raton,  FL:  CRC  Press;  1982.  p. 
D-144. 

[19]  McCallun  CL,  Bandosz  TJ,  McGrother  SC,  Muller  EA,  Gubbins 
KE.  A  molecular  model  for  adsorption  of  water  on  activated 
carbon:  comparison  of  simulation  and  experiment.  Langmuir 
1999;15(2):533—44. 

[20]  Salame  II,  Bandosz  TJ.  Study  of  water  adsorption  on  activated 
carbons  with  different  degrees  of  surface  oxidation.  J  Colloid 
Interf  Sci  1999;210(2):367-74. 

[21]  Petit  C,  Seredych  M,  Bandosz  TJ.  Revisiting  the  chemistry  of 
graphite  oxides  and  its  effect  on  ammonia  adsorption.  J 
Mater  Chem  2009.  doi:  10.1039/b916672f. 

[22]  Patnaik  P,  Arsine.  In:  Patnaik  P,  editor.  Handbook  of  inorganic 
chemicals.  McGraw-Hill;  2002.  p.  72. 


